Degradation of the lower chlorinated ethenes is crucial to the application of natural attenuation or in situ bioremediation on chlorinated ethene contaminated sites. Recently, within mixtures of several chloroethenes as they can occur in contaminated groundwater inhibiting effects on aerobic chloroethene degradation have been shown. The current study demonstrated that metabolic vinyl chloride (VC) degradation by an enrichment culture originating from groundwater was not affected by an equimolar concentration (50 μM) of cis-1,2-dichloroethene (cDCE). Only cDCE concentrations at a ratio of 2.4:1 (initial cDCE to VC concentration) caused minor inhibition of VC degradation.
INTRODUCTION
Extensive use of chloroethenes as solvents and synthetic feed stocks has resulted in widespread environmental contamination with the primary contaminants, i.e. tetrachloroethene/perchloroethene (PCE) and trichloroethene (TCE), as well as the microbial metabolites cis-1,2-, trans-1,2-, 1,1-dichloroethene (cDCE, tDCE, 1,1-DCE) and vinyl chloride (VC). Such compounds are of great concern due to their toxicity and carcinogenicity (VC) (Coleman et al. a; Verce et al. ) .
Anaerobic and aerobic microbial metabolism play a key role in the fate of chloroethenes in the biosphere (Bradley ) . During complete reductive dechlorination, PCE and TCE are anaerobically dechlorinated via cDCE and VC to the dehalogenated end-products ethene and ethane through halorespiration or cometabolic degradation (Amos et al. ) . However, since reductive dechlorination of the more chlorinated ethenes, i.e. PCE and TCE, is faster than cDCE and VC dechlorination, cDCE and VC often represent the major pollutants in groundwater plumes downgradient of chloroethene contaminated source areas (Tiehm & Schmidt ; Schmidt & Tiehm ; Tiehm et al. ) .
Aerobic cometabolic degradation of VC and cDCE is possible in the presence of auxiliary substrates such as methane, toluene or ethene (Fogel et Environmental factors such as the pollutant concentration as well as pH can strongly affect bacterial degradation processes (Table 1) . At field sites, VC concentrations up to 56 mg/L are reported (Kielhorn et al. ) .
Furthermore, pH values as low as 3.5 (Bradley et al. ) and thus differing from the neutral range, can be measured in the field. For laboratory cultures, degradation of VC and cDCE at high concentrations, 7,300 μM (460 mg/L) (Verce et al. ) and 1,000 μM (100 mg/L) (Schmidt et al. ), respectively, have been observed (Table 1) . Optimum pH values for aerobic degradation are within a narrow range, around neutral (Table 1) . Another interesting point is the ability of the degrading bacteria to resume degradation after starvation. Different starvation behaviours are described ranging from loss of VC degradation activity after 1 day of starvation for Nocardioides strain JS614 (Coleman et al. b) to a slight decrease of degradation rate after 150 days of starvation for a mixed culture (Singh et al. ) .
Different chloroethenes can be concomitantly present in contaminated groundwater (Löffler & (Table 1) , and starvation, these effects should be studied for different degrading bacterial cultures in order to obtain information about their robustness against different environmental conditions. Therefore this study was undertaken with an enrichment culture described by Tiehm et al. () which is capable of aerobic metabolic degradation of VC and cometabolic degradation of cDCE, but unable to degrade cDCE as a sole compound. The robustness of the culture was evaluated by studying, (i) the concentration range, (ii) the starvation ability, (iii) the pH range, (iv) the degradation of VC in the presence of different concentrations of cDCE, and (v) the 
METHODS

Chemicals
The following chloroethenes were used: VC (gaseous, 99.97%, Linde, Stuttgart, Germany), cDCE (95%, Fluka, Steinheim, Germany), tDCE (95%, Fluka), 1,1-DCE (99.9%, Fluka), TCE (99.5%, Fluka), and PCE (99.9%, Fluka).
Enrichment culture
The KF-culture consists of VC metabolically and cDCE cometabolically degrading bacteria. It was enriched from chloroethene-contaminated groundwater from the Killisfeld site in Germany as described in Tiehm et al. () .
Since then it has been maintained in our laboratory with routine feeding of VC and addition of fresh medium.
Degradation experiments
Experiments were carried out using laboratory glass bottles filled with mineral medium as described in Zhao et al. () . Experimental conditions are shown in Table 2 . Within each parameter test series, the different conditions were performed in parallel and inoculated with the same amounts of enrichment culture. Bottles were kept at room temperature (22-24 W C) and were shaken by hand before each sampling event. For the pH series, pH values differing more than 0.2 from the set value were adjusted with either H 3 PO 4 (85% in a 1:5 dilution) or NaOH (2 or 5 M). Sampling, gas chromatography, and ion chromatography were performed as described in Tiehm et al. () (gas chromatography for concentration, starvation and pH series) and Zhao et al. () (gas chromatography for cocontaminants series). Results are presented as aqueous phase concentrations. It is important to note that due to its volatile nature, VC equilibrates between the gas and aqueous phases within the bottles. With continuous VC degradation in the aqueous phase, VC from the gas phase can subsequently dissolve into the aqueous phase. Thus, due to VC present in the gas phase at the beginning of the concentration experiment, chloride concentrations at the end of the experiment were higher than the initial aqueous VC concentrations. All gas chromatographic measurements were performed in duplicate. For the co-contaminants series, two replicates were performed for each condition and results are represented as the average of both replicates. Error bars show the reproducibility on standard analyses of ±1% for ion chromatography and of ±6% for gas chromatography (Tiehm et al. ; Zhao et al. ) . If the standard deviations between duplicates and/or replicates were >6%, the standard deviations between duplicates/replicates are shown as error bars.
RESULTS AND DISCUSSION
Concentration effect on biodegradation of VC
The KF-culture degraded VC up to the highest tested aqueous concentration of 1,800 μM (110 mg/L) ( Figure 1 ). The lag phases as well as the subsequent degradation rates were unaffected by the initial VC concentration ranging from 160 μM (10 mg/L) to 1,800 μM (110 mg/L). Other authors reported a dependency on chloroethene concentrations: Increasing concentrations led to larger degradation rates (Bradley & Chloride formation confirmed that complete mineralization of VC occurred. Furthermore, the KF-culture was able to quickly resume VC degradation after 6 months starvation (data not shown). The tolerated concentration range of the KF-culture correlates well with values known from literature (Table 1) and should be suitable for field applications (Kielhorn et al. ) .
pH effect on biodegradation of VC Complete degradation (i.e. VC below the detection limit within 29 days) of VC occurred at pH values between 5 and 9, with the fastest and slowest degradation rates at pH 6 and 7 and pH 5, accordingly (Figure 2) . The optimum pH for VC degradation (i.e. between 6 and 7) corresponds to the previously reported range for aerobically VC-and cDCE-degrading organisms. Aerobic VC-degradation at pH 5 and 9 has not been reported. Most published data concentrate on optimum pH values but not on tested pH ranges ( Table 1 ). The KF-culture is less susceptible to non-neutral pH values as compared to a cDCE degrading culture, for which experiments at different pH values are reported ( Table 1, Schmidt et al. ) . Due to its good pH tolerance to pH values between 5 and 9, the KF-culture appears useful for field applications even under non-neutral pH conditions that can occur in the field (Bradley et al. ) .
Effect of different cDCE concentrations on biodegradation of VC
VC (50 μM, 3.1 mg/L) degradation was nearly the same in the absence as well as in the presence of different concentrations of cDCE ranging from 13 μM (1.3 mg/L) to 60 μM (5.8 mg/L) (Figure 3(a) ). Only the presence of 120 μM (12 mg/L) cDCE slightly decelerated VC degradation. Small amounts of cDCE ranging from 7 μM (0.7 mg/L) to 11 μM (1.1 mg/L) were degraded within 98 days of incubation (Figure 3(b) ). For cDCE concentrations of 60 μM and 120 μM concentration decreases were within the analytical uncertainty. The amount of cDCE degraded did not correlate with the initial cDCE concentration. Metabolic VC degradation can trigger cometabolic degradation of e.g. cDCE, but the cometabolic cDCE transformation rates are low as compared to metabolic VC decomposition (Verce et al. ; Tiehm et al. ) . Thus, the observed degradation behaviour indicates that VC degradation by the KF-culture is metabolic and allows cometabolic cDCE degradation confirming prior results obtained by Tiehm cDCE. This demonstrates the robustness of the KF-culture against even high concentrations of cDCE and thus its applicability to field sites with high concentrations of cDCE and/ or a high cDCE:VC ratio.
Effect of other chloroethenes on biodegradation of VC VC (50 μM, 3.1 mg/L) was completely degraded when dosed solely as chloroethene as well as in the presence of cDCE, tDCE, 1,1-DCE, TCE, and PCE in approximately equimolar concentrations (Figure 4(a) ). VC degradation velocity was not influenced by the presence of a second chloroethene.
When dosed together with VC, 34% of cDCE (21 μM, 2.0 mg/L) and 40% of tDCE (19 μM, 1.8 mg/L) were degraded within 143 days of incubation. For 1,1-DCE and TCE, only small concentration decreases (i.e. 19 and 5%, respectively) within the analytical uncertainty were observed. PCE concentrations remained somewhat constant within the analytical uncertainty (Figure 4(b) ). These results confirm prior studies, which showed no degradation of cDCE as sole compound and no degradation of PCE and TCE in the presence of VC (Tiehm et al. ) .
Substrate specificity varies for different aerobic chloroethene degrading bacterial cultures (Zhao et al. ) . Like the KF-culture, other bacterial cultures often are limited to one or two chloroethenes that can be degraded metabolically as well as to a certain number of chloroethenes that can be degraded cometabolically. Most often, the cometabolic degradation of dichloroethenes during metabolic degradation of VC was tested. Cometabolic degradation of cDCE was often reported (e.g. Verce et al. ; Frascari et al. ; Tiehm et al. ) . For tDCE and especially for 1,1-DCE the data is scarce, but cometabolic degradation was already observed (Verce et al. ; Frascari et al. ) . Cometabolic degradation of TCE was not observed during VC metabolism and Concerning the impact of a second chloroethene on metabolic degradation of another chloroethene, different effects have been described. Verce et al. () observed an increased rate of VC metabolism in the presence of low amounts of tDCE and TCE, even though neither compound was consumed. Furthermore, compounds that are not degraded can inhibit or slow degradation of the growth substrate. The presence of cDCE in different concentrations lowered the rate of VC metabolism and high concentrations of 1,1-DCE completely inhibited metabolic VC degradation (Verce et al. ) . Metabolic cDCE degradation was found to be strongly inhibited by the presence of a second chloroethene. In the presence of 1,1-DCE and TCE, no degradation of cDCE was observed, whereas in the presence of PCE, tDCE and VC, slower degradation of cDCE was observed (Zhao et al. ) . Contrary to these results, VC degradation by the KF-culture was hardly affected by the presence of other chloroethenes.
CONCLUSIONS
This study investigated the robustness of the KF-culture, a VC metabolically degrading enrichment culture, against high concentrations of VC, a broad pH range, starvation and the presence of a second chloroethene.
The following properties are promising for field application:
• High VC concentration tolerance up to 1,800 μM (110 mg/L) aqueous concentration (Figure 1) • Good pH tolerance from 5 to 9; pH optimum between 6 to 7 ( Figure 2) • Tolerance against starvation of six months duration (data not shown)
• No effects on VC degradation are to be expected with equimolar concentrations of cDCE, tDCE, 1,1-DCE, TCE and PCE (Figure 4) • Only with a high cDCE concentration at a ratio of 2.4:1 (initial cDCE to VC concentration) minor inhibition of VC degradation is to be expected (Figure 3) Our results show that the VC degrading bacteria in the KF-culture have a strong potential for in-situ application. These findings are important in view of natural attenuation or in situ bioremediation of VC, a critical leftover from reductive dechlorination. Other possible drawbacks of reductive dechlorination are the need for auxiliary substrates and unwanted side-reactions leading to unfavourable aquifer conditions. Thus, aerobic VC biodegradation in a sequential anaerobic/aerobic approach can be favourable over reductive dechlorination as single treatment method (Tiehm & Schmidt ) .
